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i i i  
ABSTRACT 
New photographic observations of me teo r s  in the br ightness  range 
-5 > M 
with a precis ion of bet ter  than 1" in the angular e lements  and of about 0 . 0 5  in 
e and l / a .  
o rb i t s  shows: 
> -18 ( ? )  and with a median value of M = -8. 5 have yielded orb i t s  
P 
A comparison of 100 of these f i reba l l  orbi ts  with Super-Schmidt 
A. A c la s s  of orbi ts ,  comprising about 257, of the faint me teo r s ,  of long 
period is almost  completely absent among the f i rebal ls .  
B. Small  perihelion distances (q < 0. 2 a .  u. ) a r e  not found. A maximum 
a t  q - 0 . 7  a.  u . ,  which a l so  appears in the Super-Schmidt orbi ts  of shor t  
period, corresponds to the perihelion dis tances  of a l l  but two of the Apollo 
objects.  
C. The distribution of aphelia shows a marked dec rease  a t  Jupi ter  when 
compared to a s imi l a r  distribution of s m a l l  faint-meteor orbi ts .  
existing mater ia l ,  we cannot determine whether this represents  an important 
evolutionary distinction between meteoroids of different m a s s  o r  is simply 
the r e su l t  of an inappropriate choice of the division between "large" and 
"smal l"  orbi ts  in the faint-meteor  data. 
With the 
Provis ional  values of the bulk density of 28 of the f i reba l l s  a s  determined 
f r o m  the photometric m a s s  and the observed m a s s - a r e a  rat io  indicate that 
these meteoroids  do not differ significantly f r o m  those observed with the 
Super-Schmidt cameras .  Evidence of g r o s s  fragmentation of these large 
objects a t  high elevation and evidence of sma l l  o r  negligible te rmina l  m a s s e s  
suggest  that the ma te r i a l  i s  friable. 
appreciable f rac t ion  of f i reba l l s  is  produced by high-density, cohesive 
mate rial. 
There  is  no ce r t a in  evidence that any 
If the above analysis is correct ,  we should expect an occasional 
- 2  (1 yea r - '  
low -density meteoroid.  




De nouvel les  observa t ions  photographiques de mkte'ores, dans l e  
domaine de b r i l l a n c e  -5 > M > -18 ( ? I ,  e t  avec une va leur  m6diane 
de M = - 8 , 5 ,  ont  permis d ' ob ten i r  l e s  o r b i t e s  avec une p r 6 c i s i o n  su- 
pk r i eu re  un degre' pour l e s  e'le'ments a n g u l a i r e s ,  e t  d ' envi ron  0,05 
pour e e t  l /a.  
avec l e s  o r b i t e s  "Super-Schmidt" montre que : 
P 
Une comparaison des  o r b i t e s  de 100 de c e s  b o l i d e s ,  
A. Une c l a s s e  d ' o r b i t e s ,  comprenant environ 25% des mgte'ores 
de f a i b l e  b r i l l a n c e ,  de grande p&riode,  e s t  presque complitement 
absente  pnrmi 11:s bo l ides .  
B. On ne troiive pas  de p e t i t e s  d i s t a n c e s  p6rihklienne.s (q  < 0 , 2  
u.a .1 .  Un maximum pour q - 0,7, qu i  appa ra i t  6galement dans l e s  
o r b i t e s  Super-Schmidt de courte  pgriode,  correspond aux d i s t a n c e s  
pkr ihkl iennes  de tous  l c s  o b j e t s  Apollo sauf deux. 
C. La r 6 p a r t i t i o n  des aphkl ies  accuse une n e t t e  dkcroissa3ce 
pour J u p i t e r  lo rsqu 'on  l a  compare A une d i s t r i b u t i o n  iden t ique  de 
p e t i t e s  o r b i t e s  de mktdores de f a i b l e  b r i l l a n c e .  Dans l ' 4 t a t  a c t u e l  
des  p o s s i b i l i t k s ,  il n ' e s t  pczs poss ib l e  de dkt2rminer si c e l a  r e -  
prksente  une importante diffe 'rence d'e 'volution e n t r e  me'te'ores de 
masses d i f f e ' r en te s ,  ou e s t  simplement l e  d s u l t a t  du choix inappro- 
pr i ;  de l a  l i m i t e  e n t r e  flgrandes'T e t  f t p e t i t e s ' f  o r b i t e s  dans l e s  
r e ' s u l t a t s  r e l a t i f s  aux mkt6ores de f a i b l e  b r i l l a n c e .  
Des v a l e u r s  p r o v i s o i r e s  de l a  dens i tk  g loba le  de 28 de c e s  
b o l i d e s ,  d6termin6es p 3 r t i r  de l a  masse photom6trique e t  l e  
r appor t  masse-surface observb, montrent que c e s  m 6 t k o r e s  ne d i f f i -  
r e n t  pas  de mani:re s i g n i f i c a t i v e  de ceux observ6s au moyen de 
l ' a p p a r e i l  Super-Schmidt. L'6vidence de grosse fragmentation de 
c e s  g r o s  o b j e t s  haute  a l t i t u d e ,  e t  l e  f a i t  que l e s  masses termi-  
n a l e s  s o i e n t  manifestement p e t i t e s  ou ne'gligeables,  suggi re  que l e  
mat6riau e s t  f r i a b l e .  I1 n 'y  a aucune Gvidence prouvant qu'une 
f r a c t i o n  appi-gciable de ces bol ides  s o i t  p r o d J i t e  pa r  des  matbriaux 
cohe'sifs de haute  densit;. 
S i  l ' a n a l y s e  qu i  pr&c&de e s t  c o r r e c t e ,  nous devrions a t t e n d r e  
km'2?) d'un mbtbori te  de d i -  -1 l a  chute  occas ione l l e  (1  anne'e 
mension d6couvrable provenant d 'un rne'tborite de f a i b l e  dens i t6 .  
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New photographic observations of me teo r s  in the br ightness  range 
-5 > M 
with a precis ion of bet ter  than 1" in the angular e lements  and of about 0 . 0 5  in 
e and l / a .  
orb i t s  shows: 
> -18 ( ? )  and with a median value of M = - 8 . 5  have yielded orbi ts  
P 
A comparison of 100 of these f i reba l l  o rb i t s  with Super-Schmidt 
A. A c la s s  of orbi ts ,  comprising about 25% of the faint me teo r s ,  of long 
period is a lmost  completely absent among the f i rebal ls .  
B. Small  perihelion distances (q < 0.  2 a .  u. ) a r e  not found. A maximum 
a t  q N 0 . 7  a. u . ,  which a l so  appears in the Super-Schmidt orbi ts  of shor t  
period, corresponds to the perihelion dis tances  of all but two of the Apollo 
objects.  
C. The distribution of aphelia shows a marked dec rease  a t  Jupi ter  when 
compared  to a s imi la r  distribution of s m a l l  fa int-meteor  orbi ts .  
existing mater ia l ,  we cannot determine whether this r ep resen t s  an important 
evolutionary distinction between meteoroids of different m a s s  o r  i s  simply 
the r e su l t  of an inappropriate choice of the division between "large" and 
"small"  orbi ts  in  the faint-meteor  data. 
With the 
Provis ional  values of the bulk density of 28 of the f i reba l l s  a s  determined 
f r o m  the photometric m a s s  and the observed m a s s - a r e a  rat io  indicate that 
these meteoroids  do not differ significantly f r o m  those observed with the 
Super-Schmidt cameras .  Evidence of g r o s s  fragmentation of these large 
objects a t  high elevation and evidence of sma l l  o r  negligible terminal  m a s s e s  
suggest  that the mater ia l  is friable. 
appreciable f ract ion of f i reba l l s  is produced by high-density, cohesive 
ma te  rial. 
There  is no ce r t a in  evidence that any 
If the above analysis is correct ,  we should expect an occasional 
-1 (1 yea r  
low -density meteoroid.  
km-2  ? )  meteori te  fall  of discoverable s ize  originating f r o m  a 
iv 
R h S U k  
De nouvel les  observa t ions  photographiques de m;t&ores, dans l e  
domaine de b r i l l a n c e  -5 > M > -18 ( ? ) ,  e t  avec une va leur  mgdiane 
de M = - 8 , 5 ,  ont permis d ' ob ten i r  l e s  o r b i t e s  avec une p rgc i s ion  su- 
pg r i eu re  i un degrd pour l e s  e'le'ments angu la i r e s ,  e t  d 'environ 0,05  
pour e e t  l /a.  
avec l e s  o r b i t e s  "Super-Schmidt" montre que: 
P 
Une comparaison des  o r b i t e s  de 100 de ces  b o l i d e s ,  
A. Une c l a s s e  d ' o r b i t e s ,  coaprenant environ 25% des me'tdores 
de f a i b l e  b r i l l a n c e ,  de grande p&riode,  e s t  presque complGtement 
absente  parmi l e s  bo l ides .  
B. On ne trouve pas d e  p e t i t e s  d i s t a n c e s  p6rihe' l iennes (q < 0 , 2  
u . a . ) .  Un maximum pour q - 0,7, qu i  appa ra i t  6galement dans l e s  
o r b i t e s  Super-Schmidt de courte  pe'riode, correspond aux d i s t ances  
pgr ihgl iennes  de tous  l c s  ob je t s  Apollo sauf deux. 
c. L a  r g p a r t i t i o n  des aphe'lies accuse une n e t t e  d6croissaAce 
pour J u p i t e r  lo rsqu 'on  l a  compare une d i s t r i b u t i o n  ident ique  de 
p e t i t e s  o r b i t e s  de mgt6ores de f a i b l e  b r i l l a n c e .  
des  p o s s i b i l i t g s ,  il n ' e s t  pas  poss ib l e  de de't2rminer si c e l a  re -  
prgsente  une importante d i f fgrence  d '6volu t ion  e n t r e  mgtbores de 
masses d i f fe ' ren tes ,  ou es t  simplement l e  r g s u l t a t  du choix inappro- 
p r i 6  de l a  l i m i t e  e n t r e  "grandes" e t  " p e t i t e s "  o r b i t e s  dans l e s  
r g s u l t a t s  r e l a t i f s  aux mgtgores de f a i b l e  b r i l l a n c e .  
Dans l ' e ' t a t  a c t u e l  
Des va l eu r s  p rov i so i r e s  de l a  densi t ;  g loba le  de 28 de ces  
b o l i d e s ,  dgtermine'es p a r t i r  de l a  masse photom4trique e t  l e  
r appor t  masse-surface observ;, montrent que ces  mgtgores ne diffG- 
r e n t  pas  de mnni:re s i g n i f i c a t i v e  de ceux observe's au moyen de 
l ' a p p a r e i l  Super-Schmidt. L'dvidence de grosse fragmentation de 
c e s  gros  o b j e t s  haute a l t i t u d e ,  e t  l e  f a i t  qae l e s  masses termi-  
n a l e s  s o i e n t  manifestement p e t i t e s  ou n4gl igeables ,  sugg&re que l e  
matgriau e s t  f r i a b l e .  
f r a c t i o n  appr6cinble  de ces bol ides  s o i t  p roddi te  par  des  mate'riaux 
cohgs i f s  de haute  densit;. 
I1 n ' y  a aucune e'vidence prouvant qu'une 
S i  l ' a n a l y s e  qu i  pr6c;de e s t  c o r r e c t e ,  nous devrions a t t e n d r e  
km'2?) d'un mgte'orite de d i -  -1 l a  chute  occas ione l le  (1 anne'e 




1 ORBITS OF PHOTOGRAPHIC METEORS 
Richard E. McCrosky 
One s e t  of observational quantities that  may  be used to determine the six 
orb i ta l  e lements  of the heliocentric orb i t  of a body is i t s  simultaneous posi-  
tion and velocity components. 
f o r  whatever purpose they a r e  made, contain within them the necessa ry  
ingredients to determine a (vector) velocity with respec t  to the ear th .  The 
components of this observed velocity due to gravi ty  and the e a r t h ' s  diurnal  
and orbi ta l  motions a r e  readi ly  removed, giving the necessa ry  heliocentric 
velocity. 
be as small a s  a few minutes of a rc ,  and those of speed V 
sensible  a tmospheric  retardation),  l e s s  than 1%. 
oroid a t  the time of the observation is known with a precis ion unique in 
as t ronomy.  
Most photographic observations of me teo r s ,  
E r r o r s  in  the observed direct ion of motion (apparent radiant)  may  
(velocity before 
The position of the me te -  
co 
The orbi ts  derived f r o m  the best  observations have probable e r r o r s  of 
the angular e lements  of < l o ,  and of e and l / a ,  of the o rde r  of 0. 05. 
l i t e r a tu re  today contains orbi ta l  e lements  of this  or  somewhat l e s s  accuracy 
f o r  approximately 1000 m e t e o r s  (e. g. , see  Whipple, 1954; Jacchia  and 
Whipple, 196 1 ; Hawkins and Southworth, 1961 ; Babadzhanov and Kramer ,  
1967). 
objects (McCrosky and Posen, 1961). The above re ferences ,  while not com- 
prehensive,  include the m a j o r  meteor-orbi t  catalogs.  Most of this informa- 
t ion has  become available within the past  decade. 
The 
L e s s  accura te  but useful orb i t s  a r e  known fo r  an  additional 2500 
The interpretat ion of these data, with r ega rd  to the ult imate aim of 
descr ibing the or igin and history of these  small bodies of the so l a r  system, 
has not progressed  at the same  rate. Certainly m o r e  information is cur ren t ly  
This  r e s e a r c h  was supported in  p a r t  by Grant  NsG 291-62 f r o m  the National 
Aeronaut ics  and Space Administration. 
1 
'P resented  at  the 33rd I A U  Symposium on The Physics  and Dynamics of 
Meteors ,  held in Tat ranska  Lomnica, Czechoslovakia, September 4-9, 1967. 
1 
available about orbi ts  than about any other aspec t  of me teo r  as t ronomy and 
physics.  Because of the e a s e  and the precis ion with which orb i t s  can be 
determined,  observations in this field a r e  well in advance of theory.  
know of any reasonable s u r m i s e  or hypothesis that r equ i r e s  for  its ver i f i -  
cat ion ei ther  m o r e  o r  be t te r  orbits of me teo r s  in the br ightness  range 
I do not 
-5 < M < 5. 
This is t rue,  in par t ,  because many of the mos t  interest ing questions of 
or igins  a lso involve questions of composition and s t ruc ture .  A full i n t e rp re -  
tation of orbi ts ,  then, depends on simultaneous physical observations and on 
an  adequate physical theory of meteors .  
Eventually, of course ,  his tor ies  and origins mus t  be discussed in t e r m s  
of planetary per turbat ions and physical effects that govern the l ifetime of the 
par t ic les .  
into the past, but r a the r  by locating an appropriate source  in the so la r  sys t em 
and by t racing i t  forward in  t ime to demonstrate  that what is now observed a t  
e a r t h  is a reasonable expectation of all the p rocesses  that govern the past  
h i s tory  of the mater ia l .  The observed orbi ts  may suggest  a source  of the 
meteor i t ic  mater ia l ,  and they certainly supply the m a j o r  boundary conditions 
to be m e t  by any theory; but, in  a v e r y  general  sense ,  we investigate meteor  
orb i t s  not so  much to answer questions a s  to learn  what questions to ask .  
However, none of this should suggest that  o rb i t s  alone cannot give some 
specif ic  insight to the problem of origin.  F o r  example,  the associat ion 
between meteor  showers  and comets is well known. More than half the 
showers  recognized with certainty in  photographic da ta  a r e  associated with 
known comets ,  and m o r e  than half the comets  that might  be expected to pro-  
duce showers,  s ay  those with orbits approaching within 0 . 1  a. u. of the e a r t h ' s  
orbi t ,  have produced a t  l eas t  a few me teo r s .  
is unmistakable.  
This will not be accomplished by extrapolating existing orb i t s  
The comet-meteor  relationship 
2 
A second conclusive r e su l t  f rom optical orbi ts  relating to their  origin 
is specified by the essentially complete absence of hyperbolic orbi ts .  
and Whipple (1961) have placed an upper l imit  of 1% on the occurrence of 
such  orb i t s  and have amply demonstrated the soundness of this l imit .  
m e  he re  take advantage of m y  special  position as the producer of the l a rges t  
number of photographic "hyperbolic" orbi ts  to suggest that the p r imary  value 
of such  orbi ts  i s  the determination of the accuracy  of the observations and the 
reduction procedures ,  r a the r  than the determination of the origin of the meteor .  
Jacchia 
Let  
F o r  a var ie ty  of reasons,  none of which may  be valid, the as te ro ids  have 
a l so  been considered a source of meteors  and, in par t icular ,  of meteor i tes .  
F o r  these objects , we have been almost completely uninhibited by observations 
that might s e rve  a s  boundary conditions. 
gap in our knowledge during the past 3 yea r s .  
a 16-station network (Prairie Network) of cameras in  the midwestern U. S. 
(McCrosky and Boeschenstein, 1965)  that continuously observes  an a r e a  of 
about 1 . 5  X 10 km . E a c h  station contains four c a m e r a s  ( f / 6  and 150-mm 
foca l  length) that together cover  essentially the ent i re  sky  a s  seen  f r o m  that 
station at elevations above 10". The base line between the stations i s  225 km. 
Chopping shut ters  and timing devices pe rmi t  us to determine velocities and 
radiants  with accuracies  be t te r  than 1% and 0.5" , respectively.  
I have been attempting to fill that 
Very briefly, we have operated 
6 2  
I include in Table 1 in this paper 100 new photographic f i rebal l  o rb i t s  
der ived f r o m  these observations in the pas t  3 years .  
f i r eba l l s  with maximum light between M = -5 and, perhaps,  M = -18. 
median value i s  M = -8.5.  
br ightest  and bes t  observed of the present  sample of 500 sporadic  meteors  
that have been photographed. 
interest ing objects with substantially l a r g e r  e r r o r s  than quoted above have 
been included in the l i s t  and are s o  labeled. 
These data  a r e  f o r  
The 
In general, these 100 objects r ep resen t  the 
However, a few poorly observed but ve ry  
The meteor  duration a l so  plays some role  in  the selection process .  
Me teo r s  of duration less than 1 s e c  generally do  not supply the timing 
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Day UT
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24. I 6 0  
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5.127 







8 .284  
8 .297  
10.L01 
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13 .197  
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16. I 3 5  
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19 .6  
7. 8 
1 3 . 1  
1 . 6  
3 .6  
16.6 
9 .6  
30. 5 





- 8. 8 
0. 6 
43. 6 - 6 . 4  
26. 8 
43. 9 - 6 . 6  
-10 .7  
-23.0 
- 1 . 0  
0. 5 
- 2 4 . 0  - 5. 1 
45. 3 
35. 0 
-30 .7  
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-26 .2  
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36.4 - 9. 5 
36.4  
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- 1 1 . 3  
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15.8 - 3.7 
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-38. 4 
86 .6  
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that a r e  br ight  but of sho r t  duration have not been reduced. 
fied shower me teo r s  have a l so  been excluded unless they were of exceptional 
br ightness  o r  duration. 
of l e s s  than 1 - sec  duration and would be rejected for that reason.  
Readily identi- 
It i s  t rue,  however, that mos t  shower me teo r s  a r e  
An additional bias in the observations is introduced because of the g rea t  
base line between the stations and the concomitant importance of la rge  
a tmbspher ic  absorption affecting the me teo r s  a t  l a rge  zenith dis tances .  
Because of their  g rea t e r  altitude, high-velocity objects have a substantially 
be t te r  chance of being observed from two stations.  
and nea r  the l imit  of our sys t em can be photographed f rom two stations only 
i f  they occur in a ra ther  sma l l  region, about half way between two of the 
s ta t ions.  
s ta t i s t ics  war ran t  it;  they a r e  not important for  the present  analysis .  
Meteors  of low luminosity 
These biases  can be accounted fo r  with some accuracy  when our 
In the absence of reliable velocity information on very  bright objects,  
Whipple and Hughes (1955),  following the work of Newton (1888), analyzed 
the elongations of the geocentric radiants X of these bodies. Whipple and 
Hughes compared the frequency distribution for various br ightness  c l a s ses  
of objects:  photographic me teo r s ,  M =. - 2  ( sma l l - camera  m e t e o r s ) ;  fainter 
f i reba l l s ,  M =. -5; g rea t  f i reba l l s ,  M =. -12;  detonating bolides;  and me te -  
or i te  -producing events.  The distributions could be considered bimodal, with 
the minor  mode a t  A = 40" becoming progressively weaker with increasing 
br ightness  and disappearing altogether for  the bolides and meteor i tes .  
median value of X for  the ma jo r  mode increased f rom 90" to 130" with a 
convincing, i f  not perfect ,  regularity a s  the event br ightness  increased .  The 
authors ,  a t  l eas t  by implication, suggested that the major  mode was com- 
p r i sed  of two distribution functions der ived f r o m  separa te  sources .  
distribution source,  with a slightly l a r g e r  mean value of X ,  becomes pro-  




The s imples t  explanation for  the distributions is that there  a r e  three 
s o u r c e s  of me teo r s ,  each with i t s  own number-magnitude relationship.  
5 
Whipple and Hughes suggested, a s  a working hypothesis, the as te ro ids  a s  a 
sou rce  for  the meteori tes ,  and long-period comets  a s  a sou rce  for  the objects 
of s inal l  ehngat ion .  
of the photographic meteors .  
b r igh ter  and fainter  objects today. 
Short-periGd comets  a r e  the source  fo r  the raajority- 
We can extend the accura te  da ta  to both 
The data  on the faintest  photographic me teo r s  have been obtained f r o m  
the Super-Schmidt meteor  cameras  of the Harvard  Meteor  Pro jec t .  
d is t r ibut ion of the Super-Schmidt sporadic me teo r s ,  a s  der ived f r o m  McCrosky 
and Posen  meteor  data, is shown in F igure  1. 
peak does not stand out s o  c l ea r ly  a s  i t  did in the s m a l l - c a m e r a  photographic 
da ta  m a y  be significant, but i t  is more l ikely a resu l t  of the often-noted 
select ivi ty  employed in choosing meteors  for  reduction f r o m  the small- 
c a m e r a  data.  
makes  the distinction between the two c l a s ses  l e s s  obvious than before ,  but 
in  f ac t ,  new information on the physical cha rac t e r i s t i c s  of these bodies f rom 
the Super-Schmidt ma te r i a l  makes i t  e a s i e r  to distinguish the two groups.  
Jacchia  (1958) has  shown that there is a significant difference in the beginning 
heights of me teo r s  in these two c lasses .  
between the two groups an aphelion distance of 7 a .  u. 
demonstrated that the bulk densit ies of these two c l a s s e s  a r e  a l so  s ta t is t ical ly  
different.  
The 
The f a c t  that  the low elongation 
The blending together of the two groups in these newer data  
Jacchia  chose a s  the dividing line 
Verniani (1964) has 
Additional evidence of a distinction between the two c l a s s e s  of orb i t s  is 
given by the distribution of elongation for  the P r a i r i e  Network objects in  
F i g u r e  1.  
ent in the visual data  assembled by Whipple and Hughes, but this is almost  
cer ta in ly  a resu l t  of the l a rge r  observational e r r o r s  in that ma te r i a l  r a the r  
than of a r e a l  physical effect. 
n o r m a l  e r r o r  function with a standard e r r o r  of lo" ,  c losely resemble  the 
dis t r ibut ion of the g rea t  f i reba l l s  given in  the visual  observat ions.  
The remarkable  cutoff at A = 70"  in  the f i reba l l  data  i s  not appar -  
The P r a i r i e  Network data,  diffused by a 
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F i g u r e  1. Distribution of geocentric elongation of radiant fo r  P r a i r i e  
Network, McC rosky-Posen sporadics ,  and Hawkins- 
Southworth la rge  orbits. 
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Any uncertainty that may  have a r i s en  f r o m  the visual  data  that Whipple 
and Hughes were  forced  to use has  been removed. 
re la t ionship fo r  the two c l a s ses  of orbits is scifficiently different to suggest 
that  e i the r  different origins o r  different h i s tor ies  a r e  involved. 
would be grea t ly  simplified a t  this point if we could somehow demonstrate  
that  comets  and as te ro ids  were  the respect ive sou rces  of the two groups.  
(Note that the distributions of elongation in the P r a i r i e  Network and the 
meteor i te  da ta  of Whipple and Hughes need not be s imi l a r ,  even though the 
objects a r e  der ived f r o m  the same  source in  the so l a r  sys tem.  The P r a i r i e  
Network observations,  necessa r i ly  l imited to nighttime hours ,  should be ex- 
pected to peak a t  a lower elongation. ) However, the exhaustive work of 
Jacchia ,  Verniani, and Briggs (1965) demonst ra tes  that  this i s  not t rue  f o r  
s m a l l e r  objects.  Since we can divide the faint  meteor  data  into two groups 
by some rat ional  means  and can demonstrate that the dis t r ibut ions of orbi ta l  
e lements  of these faint  me teo r s  and the br ight  me teo r s  a r e  s imi l a r ,  there  is 
even l e s s  motivation fo r  making the g r o s s  assumption that br ight  objects a r e  
of as te ro ida l  origin.  
The number-magnitude 
The problem 
F igure  2 is a plot of the Jacchia and Whipple orb i t s  a s  a function of 
elongation and heliocentric velocity, in which we can readi ly  see  the dis t inc-  
tion between the two groups.  
reasonable  dividing line. 
s imply  demonst ra tes  that brightness is  a s t rong function of geocentric velocity. 
The smoothed distribution of A f o r  large orb i t s  a s  taken f r o m  the s ta t is t ical  
sample  of Super-Schmidt data of Hawkins and Southworth i s  shown in Figure 1. 
I have chosen VH =: 39.8  ( a  =: 5 a. u. ) a s  a 
The absence of m e t e o r s  of l a rge  a and la rge  X 
The sma l l  o rb i t s ,  in the tr iangular a r r a y  a t  X > 55" in  F igure  2, a r e  
d i r e c t  o rb i t s  of low inclination. 
imposed by the sun's radiation is shown by the line on the left ;  a second 
seemingly significant l imit  is shown a t  q = 0 .  2 a .  u . ,  beyond which only a few 
sporadic  objects and the Geminids, 6 Aquarids,  and Quadrantids occur.  
F igu re  3 is a s imi l a r  plot of the P ra i r i e  Network data.  
The physical l imit  of perihelion distance 
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Figure  2. Geocentric elongation of radiant ve r sus  heliocentric velocity 
for Jacchia-Whipple precision orbi ts .  
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By limiting the observations to f i reba l l s ,  we can  a lmos t  eliminate the 
low-elongation group. To  sea rch  fo r  orbi ta l  differences between faint m e t e o r s  
and the f i reba l l s  of small a, I compared the Hawkins-Southworth sporadic  
m e t e o r s  with a < 5 a.  u. with the s imi l a r  group of Prairie Network objects.  
F igure  4a, presenting the distribution of inclinations, shows no suggestion 
of a significant difference between the two br ightness  c l a s ses .  The median 
value of inclination f o r  each  of these groups is of the o r d e r  of lo", about 
half that of the value fo r  the distribution of all Super-Schmidt me teo r s .  
F igu re  4b shows the distribution of aphelion distances.  The considerably 
g r e a t e r  ta i l  of objects with aphelia outside Jup i t e r ' s  orbi t  f o r  the fainter  
m e t e o r s  should perhaps be interpreted as a r e su l t  of our  simple and inexact 
dividing line between the two groups; i. e., nature  has  divided the objects 
m o r e  carefully by br ightness  than I have been able to do by their  orbi ta l  
e lements .  
cer ta in ly  m o r e  exaggerated than is shown in the d iagram,  since a number of 
P r a i r i e  Network m e t e o r s  with 9' > 5. 2 mus t  r e su l t  f r o m  some observational 
e r r o r  and diffusion f r o m  the substantial peak a t  s m a l l e r  values of q'. Indeed, 
the dec rease  in  the number of orbits with aphelia jus t  beyond Jupi ter  is suf- 
ficiently striking to suggest that  q' =: 5. 2 a. u. may  r ep resen t  the mos t  signi-  
f icant dividing line between two types of objects. 
In any case ,  the difference between the two distributions is a lmos t  
In F igure  4c i t  is seen  that although the eccent r ic i t ies  follow the same 
gene ra l  trend, br ighter  objects have slightly l e s s  eccent r ic  orb i t s  on the 
average .  Again, this probably indicates some contamination in the select ion 
of faint  me teo r s .  
is m o r e  remarkable  than the i r  differences.  
The s imilar i ty  between the two eccentr ic i ty  distributions 
It is in the perihelion distances,  F igure  4d, that  we see  the g rea t e s t  
s imi la r i ty  between the two distributions.  The peak nea r  q = 1 is ,  of course ,  
due to an observational selection effect, associated with the high probability 
of coll ision with the e a r t h  for bodies with this perihelion dis tance.  
cu rves  were  co r rec t ed  fo r  this b i a s ,  they would both show a gentle rise f r o m  
0 to 0.  75, followed by a s h a r p  decline to q = 1. 
If these 
This is cer ta inly the m a j o r  
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( C )  
q (a. u.) 
( d  1 
Figure  4. Distribution of orbital e lements  of Hawkins-Southworth 
(A) and P r a i r i e  Network (n) meteor s  with a < 5 a. u. for:  
(a) i, inclination; (b) (q ' ) - ' I2 ,  q' = aphelion distances;  
(c )  e, eccentricity;  and (d) q, perihelion dis tances .  
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cha rac t e r i s t i c  of these orb i t s  that requi res  explanation. 
c ross ing  a s t e ro ids  except Adonis and Icarus  have per ihel ia  between 0. 65 
and 0.  89. Whether o r  not the Apoilo as te ro ids  a r e  genericai iy  reiateci to the 
f i reba l l s ,  i t  s e e m s  probable that these two groups of objects have something 
in common in their  h i s tor ies .  Incidentally, the distribution of perihelion 
dis tances  for  Super-Schmidt meteors  a s  a whole shows the number of m e t e o r s  
increasing monotonically and almost parabolically with increasing q .  
eliminating large orbi ts ,  we have preferentially eliminated a large number 
of those with q > 0.8 .  
All  the e a r t h -  
By 
The sma l l  peak in both distributions in the vicinity of q = 0 . 4  may  be 
associated with an extended Taurid shower. The f i reba l l  data include a 
number of objects, occurr ing a s  late as mid-January,  with values of q and 
e appropriate  for  e i ther  of the Taurid s t r e a m s .  I am reluctant  to be 
definite about this associat ion until such t ime a s  we have more  data  on objects 
occurr ing in December and January that may permi t  us to demonstrate  a 
.general  trend in the elements  and the radiant.  
The absence of f i rebal ls  with q < 0.  2 is associated with the absence of 
objects with elongation between 60" and 70". 
to be ce r t a in  that the absence is statist ically significant. 
As yet, our  data  a r e  too few 
In summary ,  the difference between the distributions of e lements  of the 
br ight  and faint  c l a s s  group I1 objects does exis t ,  but the s imi la r i t i es  a r e  
even m o r e  striking. 
r e f r a i n  f r o m  concluding that these two groups of objects,  the faint  Super-  
Schmidt me teo r s  of a < 5 ( o r ,  perhaps, q '  < 5. 2) and the bright f i rebal ls  
with s imi l a r - s i zed  orbi ts ,  do not have a generic  relationship.  
It will require  s t rong evidence to the cont ra ry  for  me  to 
The re  remains  the possibil i ty that the f i reba l l  o rb i t s  a r e  only by 
coincidence similar to the short-period faint me teo r s  and that they a r e ,  in 
fac t ,  der ived f r o m  different sources .  In support  of such  an argument,  we 
can note that the mean value of 1 / a  i nc reases  with increasing magnitude for 
Super-Schmidt data (Kres;k, 1964) o r  that, when comparing ei ther  of the 
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sma l l - camera  meteor  samples  (Whipple, 1954; Babadzhanov and K r a m e r ,  19 67) ,  
with Super-Schmidt data,the same kind of effect is seen. However, both such 
comparisons a r e  made on a relatively sho r t  base line of br ightness  where 
any slight selection effect  m a y  prove disruptive to the analysis .  
i t  is not impossible for  the derivative of the rat io  of la rge  to sma l l  o rb i t s  
to change sign, but i t  is somewhat disturbing to find that this happens to 
occur  a t  jus t  that point on the magnitude scale  where me teo r  observat ions 
a r e  re la t ively e a s y  to make.  
Of course ,  
If the f i reba l l s  a r e  der ived f rom a different source - par t icu lar ly  f r o m  
as t e ro ids  - the difference will be detectable in the physical cha rac t e r i s t i c s  
(Cook, Jacchia,  and McCrosky, 1963). A major  purpose of the P r a i r i e  
Network i s  to bring under observation high-density as te ro ida l  m a t e r i a l  in 
an at tempt  to l ea rn  something of their  o rb i t s  and origin and to improve our  
understanding of the physics of the atmospheric-entry problem by investi-  
gating ma te r i a l  of re la t ively well-known density and with some s t ruc tu ra l  
-integrity. 
uniformally agreed to, for  example: 
These s ta tements  imply a number of assumptions that a r e  not 
A. "Brighter ,  and presumably l a r g e r ,  me teo r s  will give a be t te r  sample 
of high-density as te ro ida l  mater ia l .  I '  
evidence to confirm this.  
There is no cer ta in  observational 
B. "High-density objects,  and par t icular ly  meteor i tes ,  a r e  of as te ro ida l  
Low-density ma te r i a l  does not produce meteor i tes  and i s  der ived or igin.  
f r o m  comets .  
me teo r s ,  I see no requirement  in the present  data  that impels  us to r e j ec t  
Opik's (1965) cometary  origin for meteor i t ic  stones,  o r  s imi la r ly  to r e j ec t  
an  as te ro ida l  origin (Whipple, 1967) for  some ma te r i a l  of weak s t ruc tu re  
o r  even of low density. 
construed as comments  on origin. 
Although I wish to d i scuss  apparent densi t ies  of these bright 
In short ,  m y  comments on s t ruc tu re  a r e  not to be 
C. "Tra jec tory  and luminosity data  of la rge  bodies can be t rea ted  within 
the f ramework  of faint-meteor physics. 
detai l ,  but I will, in a l a t e r  paper, p resent  arguments  to substantiate m y  
view that the existing theory of fe rs  a reasonable s tar t ing point to which p e r -  
turbations to the present  theory can be applied. 
I do not believe this s ta tement  in 
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I will p resent  here  only a summary  of pre l iminary  resu l t s  f o r  28 of the 
m e t e o r s  for  which orbi ts  a r e  given. 
a r e  available f o r  these and will be published in their  en t i re ty  e lsewhere.  
Because of the increased range and poorer  quality optics, nei ther  the t ra jec tory  
data  nor  the photometry data  can compare with the Super-Schmidt mater ia l .  
Nevertheless ,  photometry is  thought to be accurate  to 0 . 5  mag,  on the 
average .  
m e a s u r e s  of t ra jectory.  
f r o m  1 to 2 sec  of t ime have internal probable e r r o r s  of 10% of the value 
of the deceleration. 
Complete photometry and t ra jec tory  da ta  
The long l i fe t ime of the meteor  makes up in par t  for  the poorer  
Decelerations determined over  t ra jec tory  a r c s  of 
Le t  us combine the d rag  equation and the photometric mass equations, 
2 
- v - - -  
- A  V 
and 
T 
where  m = m a s s  of meteoroid,  A =frontal  a r ea ,  r = 0 . 4 6  = d r a g  coefficient, 
p = atmospheric  density,  V = velocity, V = dV/dt,  T = luminous efficiency, and 
I = intensity (M = -2 .  5 log I). The integration is performed over  the duration 
of the meteor ,  T. If we fur ther  assume the body to be spherical ,  we can 
fo rma l ly  der ive a bulk density,  6 :  
0 
This  density is an upper l imit ,  insofar as  the te rmina l  mass of the body is 
assumed negligible. When m o r e  than one determination of 6 can be made 
f o r  a meteor ,  e i ther  f r o m  separa te  photographs o r  f r o m  different portions 
of the t ra jectory,  the agreement  of the values is not outstanding. Variations 
by a f ac to r  of 3 a r e  observed,  presumably reflecting the g r e a t  weight placed 
on v ,  which depends on the second derivative of the observations.  The 
15 
remarkable  fact  i s ,  however, that of these 28 me teo r s ,  including over  100 
density determinations,  none yielded a density, a s  determined by equation 
( 3 ) ,  in excess  of 1 .  2 g m  c m  
the s a m e  as that determined by Verniani for Super-Schmidt meteors .  If we 
wish to believe that an  appreciable fraction of me teo r s  of -8 mag have high 
densi t ies ,  it  would appear  that we must call  upon e i ther  a s imi la r  e r r o r  in 
the theory and analysis applicable to both faint and bright me teo r s  o r  we mus t  
resolve the problem by detecting e r r o r s  in the br ight-meteor  analysis that, 
by chance, produced dust-ball  densities. 
- 2  . The average value of about 0 . 4  i s  essentially 
I t  i s  unrealist ic to suggest that the value of luminous efficiency used, as 
der ived f r o m  observations of natural and ar t i f ic ia l  me teo r s ,  is in e r r o r  by 
2 o r d e r s  of magnitude o r  that the shapes of these objects depar t  f r o m  a sphere 
to such  an  extent that the observed densit ies a r e  underestimated by a factor  
of 10 .  Nor is i t  likely that the values of decelerat ion can be systematically 
in e r r o r  by a factor  of 5. 
possible e r r o r s  could conceivably cause us  to determine a g ross  underestimate 
of the density, i t  appears  more  prudent to accept the fact  that mos t  large 
meteor  bodies do not differ substantially in their  s t ruc ture  f r o m  sma l l  bodies. 
If this is the case ,  then’our data  suggest that, over  the a r e a  of the P r a i r i e  
Network each  year ,  one such low-density object with a te rmina l  m a s s  of the 
o r d e r  of 5 kg should r each  the ground. 
survive any ra in  that occurs  p r io r  to discovery,  and be recognized, I believe 
we have a reasonable chance of recovering the meteori te .  
cerning i t s  as teroidal  o r  cometary origin can then continue unabated. 
Although a sma l l e r  contribution f rom each  of these 
If the object can  withstand impact, 
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